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INTRODUCTION

This report describes research completed during the 1971-72
period on the project concerned with design considerations for asphalt
pavements. In addition a brief summary of current related research by
other investigators is also included since it serves to compliement
research in this investigation and provides a basis for some of the

.éffort-undertaken in this research effort. Studies have continued in

both the fatigue and permanent deformation areas.

In the fatigue area, a study to determine the applicability
of using laboratory-determined fatigue response to predict the behavior

of pavement slabs is presentéd.

Reéeacch in the permanent deformation area has been directed
to the development of equipment and procedures for testing specimens of
asphalt concrete and soil in repeated loading to study their permanent
deformation characteristics under representative environmental and
1oadihg conditions. Some preliminary results of tests on both types

of materials are presented.

A preliminary framework for incorporating permanent deformation
considerations into the pavement design process (similar to that for

fatigue) is also outlined.

T@e contents of this report reflect the
views of the author(s) who is (are) respon~
sible for the facts and the accuracy of

the data presented herein. The contents

do not necessarily reflect the official
views or policies of the STATE OF CALIFORNIA
or the FEDERAL HIGHWAY ADMINISTRATION. This
report does not constitute a standard,
specification, or regulation,.
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SUMMARY OF RECENT RELATED STUDIES

During the past year the results of a number of studies have been
presented which add uﬁeful information to the design process conhsidered
in this‘investigation and include efforts both in the areas of fatigue
and permanent deformation.

Loading Times

www . fastio.com

A number of investigators have prepared guides to permit estimation
of 10ading times for various materials comprising the pavement section
(particularly important when assessing the stiffness of asphalt bound
materials).

Analyses prepared by Barksdale (1) are shown in Figs. la and 1b.
From these figures it can be seen that the time-of-loading is dependent'
not only on vehicle speed but also on the depth under consideration in
the pavement secfionn

Brown (2) has used the work of Barksdale as well as other investigators
to develop a procedure for defining an average stiffness for an asphalt
bound layer considering the influence of Tayer thickness, vehicle speed,
and temperature. An example of such a simplified representation for a
dense graded mix with an 85-100 penetration asphalt cement is shown in
Fig. 2.. Similar relationships would necessarily have to be established
for other types of mixes. Such an approach may be useful in the develop-
ment of simplifications to design procedures of the type considered in

this investigation.
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Suggestions for loading times have also been made by a number
of authors in their papers presented at the Third International Conference
on the Structufa] Design of Asphalt Pavements and are summarized in
Table 1. interesting]y, the times shown in the table are comparable

to those developed by Barksdale (1) and Brown (2) and discussed above.
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Fatigue

In report TE 70-5 some attempt was made to simplify the incorporation

| of fatigue in the pavement design process. Pell (8), Verstraeten (9), and

Kirk (10) have suggested relationships wherein the effects of asphalt type

and grade, amount of asphalt and void content of the mixture can be combined

“to define their relative effects on fatigue response without extensive test-

ing.

Pell suggests that:

14
-4 VB
N(a‘t e =10 ) = P ‘V—B‘+—V‘—‘ TR&B
v

where

Vi =‘vdlume-aspha1t

Vv - volume of voids

Tpag = Ring and Ball softening point temperature

[

P.q = coefficients

i

e = tensile strain repeatedly applied

(1)

and that there exists a re]ationsh{p between A and b of the fatigue equation

- arzb
Ne = A(D)

of the form:

=
"

f (Tog A).

Data il1lustrating these relationships are shown in Figs. 3 and 4.

www . fastio.com
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An analysis was.made of previously repofted fatigue data for California o
type mixes to determine thé applicability of eqﬁation ( 3 ) for.such mixtures.
These results aré shown in Fig. 5. Also included are values for the Timiting
curves of the generalized fatigue diagramjfrom TE 70-5 (11) and shown here in
Fig. 6, that is;:for stiffnesses of 104 and 4 .x ]06 psi. Pell's relationship

h . .-fféﬁ‘Fﬁg. 4 is shown for purposes of comparison. Such an approach may thus
have merit. a '

The state of stress in a pavement resulting from traffic loading may be
modified at times due to stresses resulting, for example, from temperature

_ éhanges or shrinkage of the underlying Tayers. To interpret fatigue effects
‘fdr such situations where alternating stresses are superimposed on continuously
actinﬁ stresses, a more generaT form of the fatigue diagram, known as the Modi-
fied Goodman Diagram, can be used. Results of fatigue tests 6n one mix, (Con-
taihing Watsonville granite with a 1/2 in. maximum size and a medium grading)
and plotted in this form are shown in Figs. 7 and 8 for tests at 10°F and 68°F.

To illustrate the use of such a dfagram, a ratio representing the stress

state is defined:

~ Stress State R = min. stress/max. stress .
Zero-to-maximum 0
Comp]eteﬁreversa1 | _ -1
Steady State : | 1

Tension-tension or .
compression-compression : 0<R<1

"' The abscissa on the diagram represents the minimum stress and the ordinate the

- maximum stress. ‘Thus the equations R = *1 are represented by straight

ClibPDF - www .fastio.com
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Tines inclined at 45° to the maximum and minimum stress coordinates. The
equation of R = 0 1is represented simply by the ordinate while the static
strength is represented as a point on the line R = 1. Zero-to-maximum

stress associated withia given fatigue life falls on the R = 0 1ine

whereas complete reversal is represented by the 1ine R = -1.

I

It is also bossib1e to superimpose on the 1ines R =1 and R = -1,

scales representing the mean stress and the alternating streséa When the
mean stress is zero, complete réversa] oﬁcurs (R=-1); when the mean and
alternating stresses are equal, the zero-to-tension condition results (R = 0);

and when the alternating stress is zero, the static strength is obtained

Accordingly, this type of diagram appears to be a very general and
useful form that can be used for representing a wide spectrum of stress
combinations which may_océur in pavements.

An additional advantage is that fatigue i1ines ploet practically as
straight lines for ﬁahy materials; thus an entire relationship could be
obtained from knowledge of the static strength and fatigue data obtained
for the condition R.= 0 (i.e., the conditions for which all the data pre-
sented in preceding haragfaphs were obtained).

Permanent Deformation (Distortion)

Barksdale (12) has examined the accumulation of permanent deformation
in unbound granular materials subjected to repeated loading triaxial
compression tests and has suggested a procedure whereby the results of such
tests can be used to estimate rutting in pavement sections containing
these materials. Romain (1§) has also described a process to estimate
permanent deformations in layered elastic systems which is similar to

that suggested by Barksdale.

ClibPDF - www .fastio.com
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The results 6f Barksdale's laboratery repeated load tests follow a

hypeerTic stress-strain Taw of the form:

- K g
eP = (o7 - 93)/ ’3 . .. . (4)
- (o -.63)Rf(1 - sin ¢) ’ oot N
1 -9= - ‘
2(c cos ¢ + g3 sin ¢)
where: |
n
K 03 - = relationship defining the initial tangent modulus as a
function of confining pressure
c = ¢cohesion
) = angle of internal friction
Rf = constant relating compkessive strength to an asymptotic

stress difference; 0.75 < Rg <1

Alternatively, letting o = (cr1 - 03) - the effective stress difference in triaxial

compressibn and &P = £ (for the condition with g t &y *eq = 0},
P 1/K a,"
o ng (1 - sin ¢)

{1-

2(c cos ¢ + Gy sin ¢)}

Fig. 9 illustrates a comparison of actual test results with those estimated
using a hyperbeli¢ relationship.

From an examination of Barksdale's data, Freeme (14) has suggested that:

nw L fastio.com
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n
1/Ke4

R (1 - Sin ¢) I
Z2(c cos ¢ + og sin ¢)

ar|mt
=]

]

—
=

o —

1-

where the parameterslin equation { 6 ) are determined at_No repetitions
of lead. This %s also illustrated in Fig. 9.

To.pre&ict the amount of rutting, eachl1ayer of the pavement structure
is éubdivided into several sub]ayers.- The major principal stress and
average confining pressure are calqu]ated at the center of each layer
beneath a wheel as shown in Fig. 10. Barksdaie recommehdslthat the stres-
ses be estimafed using a non-linear theory to recognize the non-linear
anisotropic.behavior of untreated base'materié1s. For a specific number
of Toad repetitions, the plastic strain can then be readily ascertained
from equation { 6 ) (eor directly from the laboratory curve). The .total
rut depth may be_determined by summing theléroducts 6f the average plastic
étrains occurriﬁg at the center 6f each layer and the corresponding Tayer

thickness (Fig. 10), i.e.,

Pz P .h) . . .. (7)

=1 1
where:
P = rut depth
E? = average plastic strain
h. = layer thickhess

www . fastio.com
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As will be seen subsequently this type of an approach is recommended as

a part of the subsystem used to estimate distortion due to repetitive

loading (Fig. 27). ‘

Romain has suggested a similar approach and has recommended that the
stresses be computed using multilayer elastic fheory*. In Romain's
approach consideration is given to loads applied to dual as well as single
tires and to the Tateral distribution of traffic across the pavement sec-
tion. In addition the contribution of the subgrade to rutting is limited
to a depth of 3 meters below the subgrade surface.

Both of these studies thus lend support to the procedure to be des-

cribed subsequently.

- s ko e

*Romain has noted (13): ":o.uan earlier investigation of the author;s (Romain'é)
has shown that the stress distribution in a viscoelastic layered system under
brief enough solicitations (such as those induced by a moving vehicle) is quite
acceptably appfoximated, for engineering purposes, by that in an elastic Tayered

system with time dependent moduli..... "
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10
SLAB TEST STUDY

While previous studies have made use of laboratory determined
fatigue data to estimate field performance (11), some concern exists as

to the appropriateness of such methodology since the state of stress

‘which is developed in the conventional laboratory test is generally

uniaxial (15), while that which exists in the field is multiaxial.
Moreover, the'inf1uence of crack propagation times on fatigue lives in
laboratory teﬁfs may be different than that for mixes in in-service
pavements. For these reasons the study described in this section was
conducted, the major objective being to ascertain whether or not Tabora-
tory determined fatigue data could be used to predict the cracking which
might be developed in slab specimens subjected to repetitive loading

under controlled environmental and loading conditions.

The procedure followed in this study is, admittedly, a very
direct procedure and is only one of a number of alternatives which are
available. One fa]]ing'into the latter category is that which is being

developed by Majidzadeh (16) using princip]es.of fracture mechanics.

.Presumably such methodology holds promise to be incorporated into fatigue |

design to predict the areal extent of cracking. Before this can be accom-

plished, however, considerable research appears necessary (17).

www . fastio.com
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Materials
An 85-100 penetration asphalt cement supplied by the Chevron
Research Company and Watsonville granite were used to prepare the
slab test specimens. For thé 3/8 in..maximum size aggregate grading
used (fine grading), Fig. 11, an asphalt content of 5.8 percent* (by
weight of aggregate) was estimated by the State of California pro-
cedure (18) which was increased (for convenience) to 6.0 percent for
the test specimens.
Properties of the recovered asphalt contained in the slabs at
the time of test were:
penetration at 25°C 31 dmm
ring and ball softening pt 143.5°F

Slab Test Specimen Preparation

The mix for the slab test specimens was mixed in a Barber Greene
"Mixall"** (300 1b batch) for about 3 minutes at a temperature of
300+°F,

Specimens were compacted in the forms shown schematically in
Fig. 12 using a'vibratory compactor. Fig. 13 illustrates this pro-
cess as well as the technique used to determine the thickness of

the compacted slab.

* Surface area of aggregate = 49.4 sq ft per 1b, km = 1.15.

** The mixer was loaned to the University by the Chevron Research Cempany.

ClibPDF - www .fastio.com
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Following compaction the specimens were sawed into specimens
39 in. by 39 in. p1ah. The 21 in. sections remaining at one end of
each of the slabs were used to obtain specimens for fatigue testing.

.A total of 12 slabs were prepared in this mahner. Table 2
contains a summary of the height, unit weight, and void content for
éach of fhe slabs. | |

Slab Testing

Equipment Each of the Q]abslwas tested on a spring base simulating
an elastic foundation.(approximate?y 1600 springs) developed by Secor
(19) which could be placed in a controiled temperature environment
(40°F - 140°F range). Repeated loads were applied to a 2 in. cir-
cular area at the center of the slabs by means of pneumatic loading
unit at a freguency df 100 repetitions per minute and for a.duration
of 0.1 sec. Fig. 14 éhows a view of the base plus one of the loading
units. -

Tests were conduéted using two different moduli of subgrade
reactions, 200 psi and 57 psi respectively (achieved by using springs
with different constants).*

Instrumentation. To measure strains and the onset of cracking in

the slabs under repetitive 1oad{ng SR-4 type strain gages, aluminum
foil tapé and silver conducting péint were bonded to the slabs in
patterns similar to that illustrated in Fig. 15.
Gages were first bonded to the bottbm of the slab (Fig. 17);
the slab was then placed on the spring base using a vacuum technique
as shown in Fig. 16a and 16b. ‘Additional strain gages were bonded to
‘the top of the slab after it was in place on the épring base.
Deflections were measured using linear variable differential

transformers.

At ek oy e e e T B

*These spring constants cover a range in subgrade stiffnesses from what

would be considered high to low.

ClibPDF - www .fastio.com
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Test Procedure Prior to testing, each slab was allowed to remain

at the temperature of test (achieved by an insulated cover surrounding
the spring base) for 24 hours.

Load was applied pneumatically for a périod of 0.1 sec and at a
frequency of 100 repetitions per minute. Strains and deflections
were recorded periodically on a Sanborn strip-chart recorder.

By observing the recorder records, crack initiation and propagation
could be ascertained. - Generally each test was continued until a sub-
stantial increase in the deflection under the Toad was observed.

Of the twelve slabs tested in the investigation, 10 were tested
with the instrumentation shown in Figs. 17 and 18 while two were tested
without instrumentation to investigate the influence of the size of the
loaded area and the adhesive on the final crack pattern.

Test Results. A summary of the test conditions for the twelve slab tests

are presented in Table 3.

Stiffness measurements on beam specimens from slab specimens obtained
near the loaded area were performed following the repetitive Toading slab
tests. These results are shown in Table 4 and are based on deflections
obtained after 200 stress applications applied at a frequency of 100 per
minute and for a duration of 0.1 sec. ' |

As noted earlier, deflections and strains were recorded during.the
course of each test. Fig. 19 illustrates the change in deflection with
number of stress applications for slabs 3 through 10. It will be noted
that the deflection for a barticular slab remains relatively constant for
a number of repetitions then increases relatively quickly as the slab

cracks. This change in deflection for each slab will be related to the

number of applications to failure subsequently.

www . fastio.com
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Slab stiffnesses were also estimated from the equation:

2 2
s(¢,7) = £ = V) (8)
16 h”. k . z
where:
S(t, T) = slab stiffness* at specific time of loading and

temperature

P = applied Toad {(peak value)

v = Poisson's ratio**

h - slab thickness

k = modulus of subgrade reaction

z = center deflection
Computed changes in this stiffness w{th number of load applications
are shown in Fig., 20 for Slabs 4, 5, and 6, and in Fig. 21 for slabs
7 - 10.

The plots were used to provide estimates of the number of load

applications to failure, defined as the number of repetitions in the

vicinity of the change in slope of the deflection or stiffness vs.

repetitions relationships.

* This stiffness corresponds to the elastic modulus for the elastic

solution.

** Values for Poisson's ratio were determined from direct tension tests.

ClibPDF - www .fastio.com
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Estimates of ckacking were also provided by the sensors attached
to the bottom of éach slab. The silver conducting paint appeared to
provide some measurehbf “hair-1ine" cracking on-the bottom of the slabs
because of its brittle nature which may or may not be related to crack .

~initiation of major fatigue cracks.- The aluminum foil tape.on the
other‘hand,appEars to reflect relatively large failure cracks (1-2 mm
in size).

Numbers of repetitions to failure (or first cracking) as estimated
by the procedures described above -are summarized in Table 5. Because
the change in shape of the deflection and_stiffness vs stress applica-
tion reiatiohships is not so wélT defined at the Tower applied stress
Tevels, ranges in stress application rather than'singTe.va1ues are
shown in.the tabie;

Formation of each pattern-in each of the stresses was determined
by the use of a Sanborn event recorder. Prior to load application each
crack sensdr element was represented by a separate continuous straight
line on the recording chart of the event recorder. A failure in one
of the crack sensors resulted in a broken Tine on the strip chart.
Initial cracking and the subsequent spread of cracking could bé followed
with this equipment. The fiha1 crack pattern observed in all instrumented

_ .s1abs is illustrated in Fig. 22; Fig. 23 i?Tustrates cracking thkough the

silver conducting paint°

ClibPDF - www .fastio.com
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“ Because the size of‘the circular crack was about the same size
as_the 2;0 in diameter 16ad1ng foot‘a sTab was-tested with a 5.0 in.
diameter loading foot at the same stress level. In this instance
the crack pattern was slightly Targer in diameter,_approximatély
2.5 1in. vs 2.0 in. in the previous tests. Fig. 24 111ustrates.the_
crack pattern for this test.:

Another slab was tested without instrumentation to ascertain the
.Tnf1uence of the epoxy adhesive used to bond the gages to the slab on
final crack pattern. At the conclusion of this test, inspection of
the crack pattern indicated that the radial cracks extended to the

center of the loading foot rather than sfopping at the circum%erentia1
crack as in the previous slab tesfs indicating that the epoxy adhesive
used to bond the rosette gages directly under the loading foot had pro-
vided some stiffening effect by not allowing the radial cracks to form
under the loading foot. ' |
., Analyses
| While the primary purpose of this study'Was to determine the app]i;
cability of the use of laboratory determ1ned fatigue data to pred1ct
the number of repet1t10ns assoc1ated w1th crack1ng in the slabs, the
.‘ data a1so prov1ded an evaluation of the ability of theory to predict
deflections. Beth aspects will be d1Scussed in this section.
Table 5 contains, in add1t10n,to;§he number of load applications
associated wfth‘crécking from thé;sféﬁ measurements, an estimate of

the number of applications to failure determined from fatigue tests

ClibPDF - www .fastio.com
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| on'thé beam specimens. As will be seen in the‘tab1e, the 1aboratory
fatigue test régults éppear suitable to ﬁredict the slab response.
'Thié point is more clearly demonstrated in Fig. 25 where the mean.
- fatigue cu?vegpius.the scattef-gand for the laboratory tests are
shown, with the data from Table 5 superimposed.
"Def]ections,.for comparison with measured values,were estimated

from so1utions for a uniform circular load applied to the surface of

a plate on a dense 1liquid subgrade (20) (Fig. 26) namely:

z = 29--{1 + %—Im { uIH¥'(u) Js (A f)%} forr<a . . {9)

and.
Py hil "
z = §-Im [ u J](u ) Ho (A r)l} for r>a-. . . (10)
where:
Jo’ J1, H0 and H] are Bessel and Hankel functions
i1 4
3y =@ T k
u=2 a'_‘

In the deflection computations, the stfffness-va1ues_of the beam
specimens sawed from the slabs (0.1 sec loading time, 68°F) and pre-
sented in Table 4 were used. Poisson's ratio was assumed to be 0.5

~based on a series of tests conducted in direct tension.

www . fastio.com
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The results presented in Table 6 lend further support to the
use of elastic theory tq‘predict response of asphalt materials in
repetitive loading provided the appropriate stiffnesses of the aspha]t
bound materials (as a function of temperature and time 6f Toading)

are used.

ClibPDF - www .fastio.com
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DISTORTION SUBSYSTEM

Some progress has been made in developing elements of the distortion
subsyétem shown in Fig. 27. Primary effort has been directed to develop-

ment of test procedures to determine the distortion characteristics

(Block No. 10) of both fine-grained subgrade seils and asphalt concrete
mixtures. Some consideration has also been given to the structural
analysis phase (Block No. 9).

Structural Analysis and Distortion Prediction (Block No. 9 and 11)

At this timé, and essentially as suggested by Barksdale and
Romain, it is recommendéd that stresses be ascertained using an elastic
“analysis. Available programs include: solutions for a multilayer
'e]éstic system CHEV 5L (21), CHEV 5L W/ITERATION (11), BISTRO (22), and
ELSYM 5 (23); or a finite element solution such.as FEPAVE 2 (11). Thus
far the effort has been 1imitéd to use of solutions for a multilayer
elastic system. This procedure a]sq requires that some relationship

between plastic strain and the appiied stress state be available, i.e.,

eP =‘f(cij) e e e e (1

With such a relationship it is then possible to estimate the
permanent defermation which eccurs in a particular pavement 1ayer.
-This is done by computing the permanent strain at a number of
points within the Tayer, the number being sufficient to reason-
ably define the strain variation with depth. The permanent def0r~

mation is then determined by summing the products of the average
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permanent strains and the corresponding difference in depths between

the locations at which the strains were determined (Fig. 28) i.e.:

n
&, (xoy) =2 (Pazy . . . . . . . (12)
i 521 1 i
where::
5? (X,¥)} = rut depth in the ith position at point (x,y)
in the horizontal plane
: ' Azi
e? = average permanent strain at depth (z.i *
Az, = difference in depth

Total rut depth may be estimated by summing the contributions from
each Tayer.

This analysis follows the same format as that for the fatigue sub-

 system described in earlier reports.

Material Characterization (Block No. 10)

To measure the permanent deformation characteristics of the various
materials comprising the structural pavement section requires that the
materials be tested under répresentative service conditions. For
asphalt concrete specimens this requires at Teast that realistic
states of stress, times of loading and temperatures be utilized. For
untreated subgrade soils (at specific dry densities and water contents),
stress state and time of 10ading'wou]d appear to be of primary concern.
In this investigation procedures to study both types of materials have

been developed dnd will briefly be described in this report..
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Sybgrade Soil. From a series of analyses (e.g., 12, 24) it would appear

reasonable to use a square wave pulse of the type used previously to
measure resilient moduli (25). In addition, from an examination of
Barksdale's data (Fig. 1) the 0.1 sec loading time utilized in moduli

determinations would appear quite reasonable to represent the average

of a range in vehicle speeds at reasonable depths for subgrades. On

this basis, therefore, a program has been initiated to measure the
permanent deformation characteristics of subgrade soils. Appendix A
contains a description of the laboratory procedure which has been
developed.

Some tests have been performed on Tlaboratory compacted specimens
of the subgrade soil from Ygnacio Valley Road (11) in Contra Costa
County. Water contents and dry densities of test specimens prepared
by static compaction (10) are shown in Fig. 29.

Resuits illustrating the accumulation of permanent axial strain

are shown in Fig. 30. It would appear that an equation of the form:
Leml .. .. (13)

where a, b = experimentally determined coefficients
can be used to estimate the accumulation of permanent strain with
number of stress applications. Preliminary data indicate that the
coefficient A is dependent on at Teast the water content of the

specimen as well as the repeatedly applied axial stress.

[N
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These same preliminary studies indicate that a hyperbolic relationship
as suggested by Barksdale for granular materials may also represent the
influence of axial stress level on the amount of permanent strain at-a
particular number of stress applications, i.e.,

%
£

boy = —— A U
L+ me

—

where:

Ac1 =_fepeated]y applied axial stress
L.m = experimentally détermined coefficients
Data analyzed in this manner are shown in Fig, 31 for the relationship
between deviator stress and axial permanent strain corresponding to 10,000
stress applications.
This type of data should be useful in the estimation of permanent de-
formation (Block 11, Fig. 27) when the state of stress has been ascertained.

Asphalt Concrete. To examine the accumulation of permanent deformation in -

thick layers. of asphalt concrete subjected to repetitive loading requires
more extensive characterization procedures than for subgrade soils to re-
present the multiplicity of loading and temperature cbnditions which will be
obtained in-situ.

McLean (24) has prepared an analysis* of the loading and temperature
conditions which might be utilized to examine such response. The factors
which he examined include:

1. range of boundary stresses

2. distribution of stresses within the layer

3. stress-time relationships

* The analysis was conducted on a multilayer elastic system in which the
properties of the materials were varied to reflect their non-linear
response characteristics.
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The magnitude of applied stresses resulting from loads applied by dual
tires generally lies within the shaded areas shown in Figs. 32a and 32b.*

| Examination of the variation of stress at a point due to p]acemeht of
the Toad at varying distances from the point provides an indication of the
shape of stress-time relationship to be used. Based on MclLean's analysis,
recommended shapes are shown in Table 7. Also inciuded in this table are
suggestions for the stress conditions to be utilized.

Time of loading data, Fig. 33 and referenced in Table 7, indicate that
the horizontal stress is, in many cases, of longer duration than the vertical.
This factor may exert a substantial influence on the deformation charatter-
istics of asphalt concrete.

To recognize the different TOading conditions which might occur, it
was decided to use the repeated load triaxial compression equipment developed
by Dehlen (26). This equipment permits independent application of axial
and radial stresses in repeated loading. Some modification of the loading
System was required to permit different shapes for the load pulses
and differences in-loading times. Appendix B contains a brief description
of therequiment and the procedures used to test asphalt concrete specimens
in repeated loading.

As in the earlier investigations, simplification of test procedures is
most desirable, particularly if a subsystem of the type shown in Fig. 27 is
to be implemented. Accordingly, consideration has been given to creep
testing as well as repeated load testing of asphalt concrete. At present
the results of creep tests can be used in a solution of a lyered viscoelastic

solid proposed by the Federal Highway Administration (FHWA) to estimate

- ———— -

E-(1 +v,)
* The modular ratio used in this figure, G1/62, is the ratio E"TT—¢"GQT°
_ 2 1
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rutting (BESYS II (27)); and it is possible that such tests may eventually
be used.in other analysis procedures for the same purpose.

At the time of this report only preliminary repeated load testing has
been completed. Results of tests over -a range in temperatures are shown
in Figs. 35 through 37. It will be noted that the shapes of the strain vs.
number of stress application curves are essentially the same regardless of
the type of test used to induce the permanent deformation.

A number of analyses are available to permit development of relation-
ships from the data which can be used for estimation of rutting ﬁn pavement
structures.

One procedure consists of fitting a third order polynomial of the form:

Tog P = Cy + C; Tog N + C, (Tog N)2 + ¢, (log M3 . . (15)

to data of the type shown in Figs. 35 through 37. The influences of stress
state, time of loading., and temperature are reflected in the coefficients
CO, C1, CZ’ and Csu

Another procedure which has potential would utilize the theory of rate

dependent plasticity (28). This methodology will also be used to examine

the repeated Toad test data (Figsg 35 through 37).

Data from the repeated load tests can also be examined in other ways.
To illustrate the variations in total, elastic, and permanent strain with
load repetitions, data for the specimen whose permanent strain characteristics
are shown in Fig. 37 are plotted in Fig. 38. The permanent strain per load
application relationship shown in this figure was obtained by differentiating
the curve of the form of equation (15) which has been fit to the data of
Fig. 37. In Fig. 38 it will be noted that after about 100 stress repetitions,

the permanent strain per cycle is quite small,
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As noted earlier, an alternative solution to estimate rutting in asphalt
concrete is to make use of a creep.compliance, a(t)/oo, for the asphalt
bound material which can be used in turn in the,VESYS:II-program developed
by the FHWA, The equipment developed in this investigation can be adapted
tb_such a test procedure. As with the repeated loading studies, at the time
of this report only limited testing had been accomplished. Results of

extention tests over a range in temperatures are shown in Fig. 39.

SUMMARY

During the year a number of facets of the pavement design process have
been examined.

Resu]ts of the slab test study indicate, at least to a reasonable
degree, that the results of laboratory determined fatigue characteristics
can be used to predict the fatigue response of paving slabs subjected to
repeated loading under controlled conditions. Moreover the results of this
study lend additional support to the use of elastic theory to predict the
response of asphalt-bound materials subjective to moving traffic provided
the appropriate stiffnesses of such materials (as a function of loading
time and temperature) are use&.
| With regafd to loading times for determination of stiffnesses of asphalt
mixtures, guidelines have been suggested herein based on the results df a
number of investigations, including a detailed study .as a part of this
research program. Accordingly it is believed that sufficient information
is now available to properly select the stiffness of an asphalt bound material
in a pavement section for a particular vehicle speed and ambient temperature.

Preliminary studies indicate that the accumulation of permanent deforma-
tion in fine-grained soils with number of stress applications may be expressed

by1the relationship:
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e = NP

Such a relationship has the potential to assist in estimating the develop-.

ment of rutting with traffic in a pavement structure using elastic layer -

. theory to estimate stresses and equation (12) presented-herein, i.e.,

n
p = (&P
61 (Xsy) 'iE'I (E]AZ])
Estimation of the accumulation of permanent deformation in the asphalt

portion of the pavement section appears to require a more detailed laboratory

‘characterization procedure than that required for subgrade materials. The

stress state, shape of the stress puise, loading time and temperature all
appear to be important variables in assessing this response; Some guidelines
for loading conditions have been presented herein and will be used as the

basis for research during this next year.
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TABLE 2 SLAB DATA
Mean Ave Ave
Slab height Unit wt void content*
No. _=in. 1b per cu ft -percent
1 1.81 143.7 11.1
2 1.82 140.5 13.1
3 1.85 140.5 134
4 2.03 142.4 11.7
5 1.3 143.2 1.4
6 1.9 146.3 9.5
7. 1.7 142.4 1.9
8 1.99 143.4 11.3
9 1.82 140.4 13.2
10 : 2.ﬁ8 ' 140.4 13.2
n 1.89 141.7 12.4
12 1.91 142.5 11.9

*Yoid content determined by weighing specimens coated with talc in

air and in water. -
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TABLE 1 SUMMARY OF TIMES OF LOADING FOR
DETERMINATION OF ASPHALT CONCRETE STIFFNESS

Type of Vehicle
Pavement | Investigator(s) Speed Time of loading (or frequency)
Highway Finn et al (3) 30-40 mph 0.015 sec.
Hofstra and At = 0.4 xd
Valkering (4) - where d = width of strain signal
Miura (5) 40-80 kph 0.04 to 1.0 sec.
Thrower et length of stress pulse c, at top
al (6) of subgrade*
1
f° time
Airfields| Witczak (7) 10-20 mph f=2 cps.

* For very soft asphalt layers, Thrower suggests using the length of
the puise in the asphalt layer.
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TABLE 3 SLAB TEST CONDITIONS

Testing Subgrade Applied Diameter of

S1ab No. temperature reaction stress loading foot

-°F -pct -psi -in.

1 68 200 75 to 125 2
2 40 200 © 125 to 250 2
3 | 68 57 75 2
4 68 57 75 2
5 68 57 75 2
6 68 | 57 75 2
7 68 57 100 2
é 68 57 100 2
9 68 57 100 2
0 68 57 100 - 2
11 - 68 - 57 100 5
12 68 57 100 5
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TABLE 5 VALUES OF NUMBER OF LOAD APPLICATIONS (Nf) TO CAUSE
FATIURE FOR EACH SLAB, 68°F {20°0).

Measured "W_" at which "N_" at which "W " for
ls1ab initial first break the relationships flexural
| tensile on crack for deflection vs fatigue,
1 No. gtrain _ SEensor was | N, and stiffness beam

in.per in x10 recorded vE N_ deviates specimen
from straight line
a More than one
1 150 400000 stress level was 700000
applied
N -_‘aﬁn_rﬂ " R Tested at
2 256 200000 4OOT
37500
3 313 9000 to 72000
) 125000
£5000
L 276 l’+0000a to 105000
165000
. : 150000
5 200 249000 to 298000
302000
) 8 125000
6* 150 6;;3883 to 700000
690000
T 348 7200° 155000 50000
s
g# 105 Sgggga 50000 30000
9 385 140000% 145000 37000
10 285 12000 155000 90000

NOTE

www . fastio.com

Number of load applicationswhich caused first break on aluminum foiltape.

Number of load applications which caused first bresk on silver con-
ductive paint.

Slebs which were instrumented with aluminum foil tape for channels
1 to 8, and silver conductive paint for channels 9 to 16,

-~ Slabs No. 1, 2, 4, 5 and 9 were instrumented with aluminum foil tape
and slabs No. 3, T and 10 were instrumented with silver conductive paint.
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TABLE 6 - COMPARISON OF COMPUTED AND MEASURED DEFLECTIONS IN SLABS

35

Computed values - in. x 1073 Measured values®— in. x 107>
at radial distances, r - in. at radial distances, r - in.
oo | o® J1.0® 1. 25”4 [6.0° 175> |0 | 2.5 | 40| 6.0 ] 7.5
1 5.6t 5.4 5.9] 5.0f 4.2) 3.2 2.5 6.8 6,0} - 4,5 [ 4.0
2 8.7 8.6 8.61 8.0 7.21 6.0] 5.1 -,ll°3 10.0 | 8.51 8.0 ] 5.3
3 10.7 | 10.5{ 11.6 | 10.7 9.6 ?.0 6.8 ‘i3.0 13.0 j11.5 J10.0 7.5
4 9.2 9.13110.2} 9.6} 8.6 7.3| 6.3 |10.5}10.5 |10.0| 9.0} 7.0
5 6.9 6.8 8.9 8.4 7.7 6.6 5.8 10.3110.2 j10.0 9.0 5.5
6 6.5| 6.3| 8.3 7.8] 7.2} 6.2} 5.5 9.51 9.0} 8.5] 7.5 6.5
7 12.2112.0}f 14.4§ 13.3| 12.04 10.1} 8.7 |17.0|13.5 |12.5] - 9.5
8 112.0|11.7)13.4}12.6| 11.4] 9.5| 8.4 |16.0(16.0 |13.5{11.0 |10.0
9 }(13.3| 13.0| X4.51 13.5(12.2| 10.2| 8.7 15,5} 14.0 |12.0]11.0 §10.0
i0 §10.2}10.0f 11.5} 10.9] 9.9 8.6 7.5 { 13.5]13.5 {13.0|11.5 |10.0
a. Computed froﬁ equ. ( 9)
b. Computed from equ. (10)

At 1500 stress.applications.
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TABLE 7 SUMMARY OF STRESS-TIME CONDITIONS
'FOR ASPHALT CONCRETE SPECIMENS
SUBJECTED TO REPEATED LOADING

ratio of
approximate - time of ratio of
location stress shape of loading in vertical to
in section direction stress-time horizontal horizontal
curve and vertical stress
: directions
vertical square less =N
near surface Fig. 33 than < — < 5,0
horizontal triangle 1 %h
: horizontal
vertical : triangle stresses may
intermediate Fig. 33 be zero,
depth horizontal triangle tensile or
compressive
vertical triangle
bottom 1.0 Fig. 34
horizontal triangle
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b. Thickness measurement for control
of specimen height and density.

Fig. 13 —Preparation of slab specimens.
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Fig., 14 — Slab testing device with rubber
membrane stripped hack to show springbase.
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Fig. 15 — Location of strain gages and crack
sensors on the bottom surface of asphalt
concrete glabs,
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Fig. 23 — Crack pattern at base of slab, 75 psi, 2.01in.
diameter loaded area, 108 repetitions. (Note use of
gilver conductive paint as crack sensors.)

Fig. 24 - Crack pattern at base of slab, 100 psi,
5.0 in, diameter loaded area, 350,000 repetitions.
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Fig. 30 — Axial permanent strain ve number of stress
applications, Ygnacio Valley subgrade soil.
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A-1

APPENDIX A

TRIAXIAL COMPRESSION TEST TO MEASURE PERMANENT DEFORMATION OF
SUBGRADE SOILS IN REPEATED LOADING: EQUIPMENT AND PROCEDURES

Repeated-load triaxial compression tests similar to those used
for determination of resilient moduli were Qsed to measure the
accumulation of permanent deformation in subgrade soil specimens.

The triaxial cell, shown schematically in Fig. A-1, can accommodate
specimens 2.8 in. in diameter by 6 in. high.

Air was used for the confining pressure and only one Tevel, 5 psi,
was used. ‘

Repeated loads were applied pneumatically at a load duration of
0.1 sec. and a frequency of 20 repetitions per minute,

Both axial and radial deformations were measured by LVYDT's
attached to the soil specimen as shown in Fig. A-1. Details of the
clamps are shown in Figs. A-2a and A-2b.

The axial strain device measured'the accumulation of permanent
deformation over the center 3 in. of the specimens.

Measurement of the accumulation of permanent radial strain presented
some difficulties initially because of scil creep at the clamps. To
overcome this, the strain unit is suspended from springs as shown in
Fig. A-1 and bonded to the membrane using an epoxy resin,

Repeated loads were applied over a range in axial stresses and as many

as 100,000 stress repetitions were applied to an individual specimen.
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APPENDIX B
TRIAXIAL COMPRESSION TEST TO MEASURE PERMANENT DEFORMATION
OF ASPHALT MIXTURES IN REPEATED LOADING: EQUIPMENT

AND PROCEDURES

Equipment and Instrumentation

The triaxial compression test system used in this phase of the
investigation was developed by Dehlen (gg). In this system the axial
and radial stresses can be independentiy applied, Fig. B-1. As seen in
this figure, this independence is obtained by loading the specimen
axially ffom the bottom with a loading area equal to that of the specimen;
a Bellofram is used to seal the axial loading piston. Axial compression
or tension is applied by use of a double acting 4 in. diameter Bellofram
piston. Radial pressure is obtained by filling the chamber with silicone

0oil and applying air pressure to it through a Bellofram piston interface.

A pneumatic timer control unit was developed for the system
consisting of four pﬁeumatic timer elements and functioning as shown

schematically in Fig. B-2. Two elements are activated at the start of

~ the cycle and provide signals of duration t1 and t2° Signai t] represents

the 'on-time' signal to either the axial or radial loading system while t2
introduces a delay time prior to the activation of a third element. This
element provides an 'on' signal of duration ty to the second loading ele-
ment., The fourthtimer controls the off-load of the system. Times t-I

to t4 are adjustable from essentially zero to approximately 30 seconds.
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Output signals from the timer involve only a small Tine flow of
air, insufficient to operate large air valves. Therefore a booster

system was required as shown in Fig. B-3. Using this apbroach and main-

taining short flow distances from air reservoirs to the loading pistons,

rise times (time from zero to full load) could be reduced to 0.007

seconds. Where longer 1oad rise times were required, needle valves were

introduced to the system to control the air flow rates. Due to limita-

tions imposed by valve response times, the minimum Toad duration which

could be obtained was 0.035 sec.

This equipment was also used for creep tests. For these tests
the timer portion of the repetitive loading system was replaced by a
digital clock reading to 0.01 min. The main air valves were operated
using electric solenoid valves. A main switch activated the solenoid
valves and timer simultaneously. System components are shown schemati-
cally in Fig. B-4. Use of high air pilot pressures resulted in rapid valve
response times with the result that Toad rise times were less than 0.0
sec. in all tests. Loading times less than one minute were measured
using the timer portion of the Sanborn recorder system while times greater

than one minute were established from the digital clock.

Deformations in the specimens were measured using linear
variable differential transformers (LVYDT's) firmly attached to the

specimens as shown in Fig. B-5.
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Specimen Preparation

Asphalt concrete specimens were compacted at 230°F using a
Triaxial Institute (or California) Kneading Compactor. During the com-
paction process, material was supplied continuously to the sample mold.
This procedure reduces density variations which occur in specimens com-
pacted in 1ifts and eliminates weaknesses which may occur at compaction
interfaces. Compacted specimens were approximately 4 in. in diameter by
9 in. in height. Poorily compacted material at the top and base of the
sample was removed by trimming each specimen to a height of approximately
8 in. The compaction schedule (number of tamps and tamping pressure) was
evolved by a trial and error procedure. The procedure was varied until the
range of variation of bulk specific gravity within a specimen was consis-
tently less than 0.02, (NOTE: This variation was measured by sawing
specimen into four discs, each about 2 in. high, and measuring the bulk

specific gravity of each disc.)

Test Procedures

Prior to repeated load or creep tests all specimens were
bonded to aluminum end caps using an epoxy adhesive. To insure proper

axial alignment and parailelism of the caps a jig was used.

Special precautions were required to preclude leakage of the
cell fluid through the membrane into the specimen. End caps were
cleaned and polished prior to reuse thus ensuring a tight seal between

the caps and the membranes. Leakage around the LVDT mounts was prevented
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by use of a double membrane. Epoxy was used to attach the inner
membrane to the specimen in the vicinity of the LVDT connection. A
second membrane was then placed over the first. Leakage through the
outer membrane was controlled by placement of a special sealant

between the LVDT mounting block and the membrane.

Repeated Loading. whiTe many different loading conditions exist in the

pavement structure, only three have been chosen for study in the labora-
tory in part because of limitations of the pneumatic Toading equipment
to completely simulate the actual conditions. The conditions planned

for study include:

{1) midway between the loaded areas, horizontal

compression (extension tests)

(2) near the point of zero horizontal stress

(unconfined compression tests)

(3) at the base of the layer, axial tension and
radial compression, both having the same

loading time (tension tests)

Due to the time dependent recovery properties of asphalt
concrete, the amount of permanent deformation measured would be expected
to depend on the time interval between load applications. Injtially the
off-load time will not be considered as a variable. In preliminary tests
it was observed that deformation recovery approached zerc at a cycle time

of 6 seconds, Fig. B-6. This value was selected for use in the study.
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Creep lLoading

Prior conditioning influences the response of asphalt concrete in
creep loading. In this study the procedure which has finally been
adopted includes the application of a stress of larger magnitude than
than to be useg in test for a period of 10 min. followed by two repeti-
tions of the desired stress applied for a period of 15 min. Recovery
times of 1 to 1.5 hours are allowed between each load application.
Deformations from the second or third application are used for computation
of compliance relationships.

Two loading conditions will be utilized:

(1) unconfined axial compression

(2) axial extension.
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Fig, B-3 — Schematic diagram of triaxial loading
system for repetitive loading tests.
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Fig. B-4 — Schematic diagram of triaxial loading
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Fig. B-5 — Photograph of deformation measuring device.
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Fig. B-6 — Deformation recovery time in unconfined axial
compression, T = 100°F.
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